Introduction
============

Autoimmune disorders affect over 23 million Americans, with an estimated prevalence of 7.6%--9.4% of the population.[@b1-itt-4-001] These diseases can be devastating, as they are chronic and potentially life-threatening. Autoimmune disease is one of the top ten leading causes of death in women younger than 64 years. The National Institutes of Health estimates the direct health care costs for autoimmune diseases to be approximately \$100 billion annually.[@b2-itt-4-001]

Treatment for autoimmune diseases has improved over the past several decades, but the optimal treatment for these conditions remains a work in progress. Type 1 diabetes (T1D), caused by autoimmune destruction of pancreatic β-cells, has been increasing in prevalence in recent years[@b3-itt-4-001] and can lead to many complications. Although intensive insulin therapy reduces the risks of complications from T1D, these risks are not eliminated. The current treatment options for rheumatoid arthritis (RA), systemic lupus erythematosis (SLE), and multiple sclerosis (MS), which include physical therapy, nonsteroidal anti-inflammatory drugs, corticosteroids, disease-modifying anti-inflammatory drugs, anti-cytokine therapies, monoclonal antibodies, biological inhibitors of T-cell function, and B-cell inhibition,[@b4-itt-4-001] have had a significant impact on the quality of life of millions of patients but may have considerable drawbacks. Current treatment options are generally nonspecific immunosuppressants, and medications ranging from cyclophosphamide, glucocorticoids, and azathioprine to biologic therapies have been associated with an increased risk for infections[@b5-itt-4-001],[@b6-itt-4-001] as well as several other adverse effects including hepatotoxicity, gastrointestinal perforation, nausea, diarrhea, and fatigue.[@b7-itt-4-001] Autoimmune diseases typically require lifelong therapy, as current drugs do not induce the restoration of immune tolerance to self-antigens.[@b8-itt-4-001] The ideal treatment would target disease-associated antigens rather than act as a global immunosuppressant, thereby limiting side effects as well as focusing on the underlying cause of the disease.

Autoimmune disorders are caused by physiologic immune responses to autoantigens ([Table 1](#t1-itt-4-001){ref-type="table"}).[@b1-itt-4-001],[@b9-itt-4-001]--[@b12-itt-4-001] In diseases where the pathophysiology is understood and the culprit autoantigens are recognized, these pathways can theoretically be manipulated to induce immune tolerance to self-antigens. There have been considerable efforts to use autoantigen-based immunotherapy to modify the immune response,[@b13-itt-4-001] and studies in several animal models that simulate chronic inflammatory conditions have found that controlled administration of autoantigens can provide protection from autoimmune disease.[@b14-itt-4-001] Antigen-specific immunotherapy (ASI) for autoimmune disease has the potential to control the disease much like allergen-specific immunotherapy has been used to treat allergic diseases. However, there are fundamental differences between allergen-specific immunotherapy and ASI, including that allergic diseases consist of Th2 dominant responses whereas autoimmune diseases consist of Th1 and Th17 dominant responses. While the promising animal studies of ASI have not yet been translated into clinical efficacy, there have been encouraging advances.

Immunological changes induced by immunotherapy
==============================================

ASI for autoimmune disease is conceptually similar to allergen-specific immunotherapy, which has been used with good (and potentially curative) effect for \>100 years. ASI is thought to work through repeatedly exposing the immune system to increasing amounts of an allergen, which results in immune deviation (alteration in cytokine production) upon exposure to allergens from a Th2 response to a Th1 response as well as the induction of FOXP3+CD4+CD25+ regulatory T-cells (Tregs) that secrete interleukin (IL)-10 and transforming growth factor (TGF)-β.[@b15-itt-4-001],[@b16-itt-4-001] Antigen-specific therapy for autoimmune disease similarly aims to take advantage of immune deviation and the induction of Tregs[@b17-itt-4-001] in order to promote autoantigen-specific tolerance. The long-term disease modification and safety profile that is seen with allergen immunotherapy provides hope that a similar therapeutic modality could be effective for autoimmune diseases with known autoantigens.

In contrast to allergic diseases that are typically dominated by Th2 responses, autoimmune disorders are usually associated with Th1 and Th17 responses targeted against self-antigens.[@b18-itt-4-001] However, Th1, Th2, Th9, and Th17 cells all secrete IL-10 in response to chronic exposure to an antigen.[@b19-itt-4-001] Autoimmune diseases could potentially be treated by eliminating pathogenic Th1 and Th17 cells that are specific for autoantigens or by blocking the immune response directed by autoantigen-specific T-cells. Through repeated exposure to antigens, both allergen immunotherapy and autoantigen specific-immunotherapy aim to manipulate this phenomenon to promote tolerance.

Studies in animals have demonstrated the induction of Tregs and immune deviation with increased production of IL-4, IL-10, and TGF-β after administration of autoantigenic peptides.[@b14-itt-4-001] In humans, some studies have shown immune deviation consistent with Treg generation, peptide-specific IL-10, and increased levels of IFNγ, IL-5, IL-13, IL-17, IL-6, tumor necrosis factor-α (TNFα), and FoxP3 after administration of autoantigens.[@b20-itt-4-001],[@b21-itt-4-001] Yet, other studies demonstrated no clear biological effects after ASI.[@b22-itt-4-001]

Another method to induce immunological changes is via manipulation of dendritic cells (DCs). DCs are essential to the induction phase of the immune response and are therefore critically important in determining whether a response toward an antigen will be inflammation or tolerance. DCs can influence if naïve T-cells will undergo deletion, anergy, or differentiation.[@b23-itt-4-001] Deletion and anergy of T-cells can occur when DCs present the antigen without costimulation. DC responses to a specific antigen are influenced by the tissue environment and innate stimuli associated with that antigen. Emerging therapies are beginning to target DCs to induce tolerance.

In this manuscript, we review the available data on autoantigen immunotherapy and DC immunotherapy.

Safety concerns of ASI
======================

One of the most important elements in designing novel therapeutic modalities is the safety profile. The major areas of concern for the use of ASI are inciting the progression of disease, inducing hypersensitivity reactions, and precipitating other autoimmune disorders. This concern is reviewed in a disease-specific way in this manuscript.

ASI for type 1 diabetes
=======================

T1D is one of the most studied autoimmune diseases, as autoantigens are well defined and mouse models (non-obese diabetic \[NOD\] mice) are available. In T1D, pancreatic β cells (which normally secrete insulin) are damaged by cytotoxic lymphocytes as well as proinflammatory helper T-cells (Th1 cells) that are primed against autoantigens such as GAD65 or preproinsulin by inflammatory DCs. The goal of ASI for T1D is to induce tolerance to known autoantigens in order to prevent the immune response against these antigens and avoid destruction of pancreatic β cells. ASI can achieve this goal through deletion of harmful T-cells and induction of regulation through either Tregs or immune deviation. Treg induction may also result in linked suppression, in which Tregs induced to one autoantigen also regulate response to other autoantigens presented by the same DC.

One complicating factor in potentially treating T1D with immunotherapy is that T1D does not typically manifest itself until \<10%--20% of functional β cells remain in the pancreas.[@b24-itt-4-001] At this point, the path to organ damage may already be under way. Therefore, strategies for ASI have not only been attempted immediately after diagnosis of T1D but also prior to clinical onset but after the appearance of islet autoantibodies (secondary prevention). Prevention of T1D with immunotherapy is clearly the more desirable path. However, this strategy relies on an accurate means of identifying at-risk patients as well as a safe intervention that would not cause any harm to patients who otherwise may not have developed the disease. Models have been developed to identify patients at risk of developing T1D based on screening for islet autoantibodies and genetic markers in the human leucocyte antigen (HLA) region, as well as metabolic assessments.[@b24-itt-4-001] Studies have also been conducted on patients with recent onset T1D in the hope of preventing progression of the disease or even possibly reversing the disease. While this approach does not have the potential upside of disease prevention, it may be more feasible, as patients are easily identified and there has been evidence that it may be possible to reverse clinically established T1D.[@b24-itt-4-001]

A variety of approaches have been evaluated for immunotherapy for T1D, some of which have shown promising results in mouse models and Phase I human studies. Unfortunately, few of these approaches have demonstrated efficacy in Phase II trials, raising significant concern that ASI for treatment of T1D may not be possible. However, Phase III studies are under way.

The practice of ASI in treatment of T1D is confounded by the presence of several known autoantigens. Below, we outline the approaches that have been taken using these autoantigens.

ASI using insulin as the target antigen
=======================================

Insulin and proinsulin molecules are thought to be important autoantigens in the initiation of the autoimmune-mediated destruction of β cells. Insulin antibodies typically precede the clinical onset of T1D and therefore represent a potentially useful target for ASI. Models of immunotherapy (intravenous, subcutaneous, oral, or intranasal) using insulin, proinsulin, or insulin peptides in NOD mice have yielded promising results in protecting against diabetes,[@b25-itt-4-001] but these results have not been consistently replicated in human subjects.

The results of studies performed using insulin are summarized in [Table 2](#t2-itt-4-001){ref-type="table"}. Ultimately, these studies failed to show any disease modification in the treatment groups.

Results from the Diabetes Prevention Trial-Type 1 (DPT-1), a randomized, double-blind, placebo-controlled trial studying the effects of administration of intravenous, subcutaneous, or oral insulin on preventing T1D in nondiabetic relatives at risk for diabetes, were released in 2005. The results are summarized in [Table 3](#t3-itt-4-001){ref-type="table"}. Initially, low-dose systemic insulin (annual intravenous insulin infusions and daily subcutaneous injections) was given to a high-risk group of individuals, but this treatment had no effect on diabetes incidence (15.1% of the 69 subjects in the intervention group progressed annually to diabetes compared to 14.6% of the 70 subjects in the observation group).[@b30-itt-4-001] In the second phase of the trial, oral insulin administration was studied. Screening was carried out on 103,391 first- and second-degree relatives of individuals with T1D. Of these, 3,483 were antibody positive and 2,523 underwent genetic, immunological, and metabolic testing to stage their risk of developing diabetes. Three-hundred and eighty-eight individuals were found to have a 26%--50% 5-year risk projection of developing T1D, and 372 of these individuals were randomly assigned to oral insulin (7.5 mg/day) or placebo. Ultimately, the annual rate of development of diabetes was similar in both groups (6.4% \[n=44\] with oral insulin and 8.2% \[n=53\] with placebo). However, a subgroup analysis suggested a possible benefit in subjects with insulin autoantibody levels \>80 nU/mL (rate of diabetes development in this group was 6.2% with oral insulin and 10.4% with placebo).[@b22-itt-4-001] Other intervention trials studying the use of insulin in ASI have also failed to show clinical efficacy in slowing the loss of β-cell function even though laboratory evidence was initially suggestive.[@b31-itt-4-001]

ASI with altered peptide ligands (APL) of insulin has also been attempted. Although promising in a Phase 1a clinical study using an APL, NBI-6024 (corresponding to the insulin B chain that is recognized by Th1 cells in T1D),[@b32-itt-4-001] a Phase II study released in 2009 determined that NBI-6024 did not improve or maintain islet cell function.[@b33-itt-4-001]

However, there are several ongoing studies such as the Pre-POINT (Primary Oral INsulin Trial) trial which aims to determine whether oral insulin ASI can prevent or delay the onset of diabetes in children who are at high risk for developing T1D (at least two first-degree family members with T1D but no pancreatic autoantibodies).[@b34-itt-4-001] Another is the Intranasal Insulin (INIT II) Phase II trial in Australia, New Zealand, and Germany, treating patients who have autoantibodies without clinical diabetes with intranasal insulin. Finally, the Oral Insulin Trial is an American study to assess whether oral insulin can delay the onset of T1D in at-risk individuals.[@b35-itt-4-001]

ASI using GAD65 as the target antigen
=====================================

GAD65, an enzyme that is involved in the production of γ-aminobutyric acid (GABA), is another major autoantigen involved in the pathogenesis of T1D and may also be involved in the initiation of the autoimmune process. The presence of anti-GAD65 antibodies may predict conversion to insulin dependence in patients with latent autoimmune diabetes in the adult.[@b36-itt-4-001] In NOD mice, administration of GAD65 prevents and blocks autoimmune destruction of β cells.[@b37-itt-4-001]--[@b39-itt-4-001] NOD mice that received oral administration of GAD65 and cholera toxin B demonstrated a significant reduction in pancreatic islet inflammation and the development of diabetes.[@b40-itt-4-001]

From 2005 to 2007, a 30-month randomized, double-blind, placebo-controlled Phase II study of recombinant human GAD65 (Diamyd^®^) was conducted involving 70 Swedish children with T1D. The treatment was well tolerated with no serious side effects reported, and significant long-term efficacy was demonstrated in preserving β-cell function.[@b21-itt-4-001] A Phase II study of 47 patients with latent autoimmune diabetes in the adult showed that patients who received two injections of Diamyd^®^ were less likely to require insulin treatment after 5 years of follow-up (14% of patients receiving Diamyd^®^ vs 64% of patients receiving insulin).[@b41-itt-4-001]

However, an American Phase II study published in 2011 randomly assigned patients who had recently been diagnosed with T1D within 100 days to receive Diamyd^®^ or placebo and found no difference in loss of insulin secretion.[@b42-itt-4-001] Also in 2011, a European Phase III study of 334 patients who were diagnosed with T1D within 3 months of entering the study showed that, while Diamyd^®^ was safe and well tolerated, there was no significant difference in β-cell function (determined by C-peptide levels) after 15 months of follow-up compared with placebo.[@b43-itt-4-001]

A research group at Lund University in Sweden is currently conducting a double-blind, randomized study of Diamyd^®^ in children at risk for developing T1D (positive GAD antibodies prior to onset of clinical diabetes) called Diabetes Prevention-Immune Tolerance (DIAPREV-IT). The initial results of this study should be compiled in 2015. Another Swedish study, DIABGAD-1, is currently recruiting patients to determine the effects of combining Diamyd^®^ with Vitamin D and ibuprofen on C-peptide levels.

ASI using HSP60 as the target antigen
=====================================

Heatshock protein 60 (HSP60), a ubiquitous intracellular chaperone that is involved in the regulation of innate immunity and is found in mature insulin-secretory granules of pancreatic β cells, may be an important autoantigen in the development of T1D. DiaPep277 is a synthetic peptide derived from human HSP60 that activates the T-cell receptor (TCR) and T-cell Toll-like receptor 2 (TLR2). Unlike HSP60, Diapep277 does not affect TLR4 receptors on macrophages and therefore does not induce a proinflammatory effect on innate immune cells. The TCR interaction ensures an antigen-specific response and the interaction with TLR2 receptors triggers anti-inflammatory cytokine secretion such as IL-10, which promotes Treg responses.

Again, mouse models have shown promising results with the use of DiaPep277 in preventing T1D development.[@b44-itt-4-001] Clinical studies in humans have also been encouraging. The DiaPep277-Arresting Immune Diabetes (DIA-AID 2) study, an international, Phase III, randomized, double-blind, placebo-controlled, parallel group study of 457 patients newly diagnosed with T1D who received either subcutaneous injections of DiaPep277 or placebo, found that DiaPep277 was not only safe and well tolerated but also showed clinical efficacy. There was significant preservation of C-peptide secretion in the treatment group (relative treatment effect of 23.4% higher C-peptide levels in the treatment group). More patients in the treatment group maintained target HbA~1c~ (56% vs 44% in the placebo group) and entered partial remission (38.4% in the treatment group compared with 29.3% in the placebo group).[@b45-itt-4-001] Further phase III studies are currently under way to confirm these results.

Safety
======

In at least 100 published studies involving administration of peptide autoantigens to NOD mice, it has been extremely rare for studies to demonstrate acceleration of disease after autoantigen administration.[@b9-itt-4-001] This phenomenon seems to be similarly unusual in human studies as well. However, in one human study of administration of oral insulin to individuals with insulin autoantibodies and first-degree relatives with diabetes, it was noted that a subset of patients (subjects with insulin autoantibodies that were not \>80 nU/mL) developed diabetes at a greater rate than the subjects receiving placebo.[@b22-itt-4-001] Also, fatal anaphylaxis was reported in NOD mice after injections of insulin peptides, when using large doses and repeated injections.[@b46-itt-4-001]

ASI for MS
==========

MS, a potentially debilitating, chronic inflammatory demyelinating disease of the central nervous system, results from the autoimmune destruction of myelin, which can cause irreversible deterioration of nerves.

While MS is a heterogeneous disease, there are several identified autoantigens that are considered important in the pathogenesis of the disease. The established antigens that are thought to be most significant are myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG), and proteolipid protein (PLP).[@b47-itt-4-001] These autoantigens can induce experimental autoimmune encephalomyelitis (EAE) in mouse models. However, given the different subtypes, multiple possible auto antigens, and the possibility of CD4+ cells to respond to multiple epitopes within the myelin protein, the concept of ASI for MS is inherently difficult.

Some animal studies of EAE demonstrated modest efficacy of oral or nasal administration of soluble myelin peptides in preventing EAE but not in treating EAE after onset. Other animal studies found that an oligomerized T-cell epitope of myelin PLP (PLP139-151) is effective in both preventing and treating EAE. Treatment with this protein increased the production of IL-10 and decreased the levels of TNFα.[@b48-itt-4-001]--[@b50-itt-4-001] However, human clinical trials with oral bovine MBP have been unsuccessful, and the oral route appears limited in its ability to induce tolerance in ongoing disease.[@b51-itt-4-001]

Intravenous trials using an epitope of MBP in chronic progressive disease seemed to induce tolerance but the trials were largely abandoned due to safety concerns of anaphylaxis.[@b52-itt-4-001],[@b53-itt-4-001]

As early as the mid-1990s, an APL of MBP, where the native peptide is modified at key amino acid residues to ensure contact with the TCR, was shown to treat EAE in rodents.[@b54-itt-4-001] Because APLs compete with the naïve peptide for TCR binding and bind to the TCR with lower affinity, they can function as antagonists or partial agonists. Antagonists induce T-cell anergy, and partial agonists incompletely activate T-cells and can induce immune deviation.[@b55-itt-4-001] Administration of this APL was found to decrease the production of TNFα and IFNγ. Phase I studies on humans demonstrated that APL was generally well tolerated and seemed to induce a Th2-like response. However, two Phase II studies were stopped because of adverse events. One study was stopped because it was found that APL caused exacerbation of the disease in several patients.[@b56-itt-4-001] Another Phase II study involving an APL was stopped after a 9% incidence of hypersensitivity reactions among trial patients was noted.[@b57-itt-4-001] However, these trials did show that APL treatment induces a shift from a Th1 response to a Th2 response.

In September 2013, a study described 30 patients with relapsing-remitting MS who were treated with a skin patch delivering a mixture of three myelin peptides (MBP85-99, MOG35-55, and PLP139-155). Individuals treated with the myelin peptide skin patch benefited from significantly reduced radiographic (66.5% reduction in gadolinium-enhanced lesions per scan) and clinical disease activity (0.43% annual relapse rate in the treatment group compared to 1.4% in the placebo group). The patch was safe and well tolerated.[@b58-itt-4-001] An earlier study by the same group reported that the myelin peptide skin patch caused immunologic tolerance to myelin antigens by activating dendritic Langerhans cells in the skin, induced a unique population of granular DCs in local lymph nodes, generated IL-10 producing Tregs in the periphery, and suppressed IFNγ and TGF-β production.[@b59-itt-4-001]

Additionally, one of the currently FDA-approved medications for MS, glatiramer acetate, may represent a type of immunotherapy. Glatiramer acetate is a random mixture of glutamine, lysine, alanine, and tyrosine, and acts as an APL by stimulating MBP-reactive T-cells.[@b57-itt-4-001] Glatiramer acetate may induce immune deviation from a Th1/Th17 cell-type response to a Th2 cell-type response.[@b60-itt-4-001]

Safety
======

Some studies using mouse models of MS have shown not only a lack of efficacy but also high rates of anaphylaxis.[@b61-itt-4-001] Earlier studies using an APL of MBP for MS raised concern after one had to be suspended after 9% of patients experienced hypersensitivity reactions.[@b57-itt-4-001] Human studies using APLs to MBP resulted in exacerbations of MS.[@b57-itt-4-001]

ASI for rheumatoid arthritis
============================

RA is a systemic inflammatory disease caused by autoimmune inflammation of synovial tissue and subsequent cartilage and bone erosion.

Antigen-specific therapies for RA have been limited, partly because of an incomplete understanding of the pathogenesis of autoimmunity.[@b7-itt-4-001] Several antigenic targets have been identified in RA. Humans predominantly have antibodies targeting citrullinated peptides, which include type II collagen (CII), vimentin, α-enolase, clusterin, histones, and peptidyl arginine deiminase-4,[@b8-itt-4-001] as well as rheumatoid factor. However, the ideal antigen to target for ASI remains unclear.[@b62-itt-4-001]

CII is the primary protein in cartilage, is crucial to joint health and function, and is thought to be an important autoantigen in the pathogenesis of RA.[@b63-itt-4-001] Studies in the 1980s and 1990s demonstrated that oral administration of CII could reduce the incidence of collagen-induced arthritis (the animal model used to study RA) in mice,[@b64-itt-4-001] reduce immunoglobulin G (IgG)-collagen specific antibodies, and generate a T-cell population that was capable of transferring tolerance to naïve mice.[@b65-itt-4-001] However, these effects were noted only when the therapy was performed prior to disease onset. There was no therapeutic effect noted if CII was administered orally after disease onset.[@b66-itt-4-001] Further studies demonstrated that adjusting the method of administration (conjugating with a biodegradable polymer) can induce protection from collagen-induced arthritis after disease onset.[@b67-itt-4-001] However, a clinical study looking at the effects of switching RA patients from treatment with methotrexate to oral CII revealed clinical deterioration in the group that was switched to CII.[@b68-itt-4-001]

Attempts at ASI for RA then progressed to the use of epitope-specific antigens. It has been hypothesized that RA is secondary to an interaction between HLA and dnaJ-derived peptides that promotes T-cells which ultimately result in autoimmune inflammation.[@b69-itt-4-001] A pilot study treated a group of patients recently diagnosed with RA with dnaJP1 orally for 6 months and found that treatment with this peptide induced T-cell production of IL-4 and IL-10 and decreased production of IL-2, IFNγ, and TNFα.[@b69-itt-4-001] A Phase II trial released in 2009 studied 160 patients with RA and found that the dnaJP1 peptide was safe and well tolerated and again demonstrated evidence for immune deviation with an increase in IL-10 production and a decrease in TNFα. While the primary endpoints for clinical efficacy (20% improvement criteria) were not met, there was a trend toward clinical effect. Post hoc analysis showed a potentially synergistic effect between epitope-specific therapy and hydroxychloroquine.[@b70-itt-4-001]

A group in Cuba has been studying a new peptide called APL-1 which is an APL of HSP60 that has an altered amino acid residue to increase its affinity to bind to HLA class II molecule. In animal models, this APL was found to increase Tregs and inhibit progression of the disease.[@b71-itt-4-001] APL-1 was also found to modulate inflammatory immune responses in peripheral blood mononuclear cells from human RA patients by inducing Tregs and apoptosis of activated CD4+ cells.[@b72-itt-4-001] It remains to be seen whether the promising effects seen in animal models and in vitro human studies can translate into clinical success.

Safety
======

There has been no evidence for disease acceleration in ASI models for RA.[@b9-itt-4-001]

ASI for SLE
===========

SLE is a complex disease characterized by diverse clinical manifestations and multiorgan involvement.[@b73-itt-4-001] Most of the studies of peptide-based immunotherapy for SLE have focused on epitopes from nucleosomal histones, ribonu-cleoproteins, and autoantibodies. In mouse models, studies using peptides from histone regions and studies using a phosphorylated analog (peptide p140) of a small nuclear ribonucleoprotein U1-70K have been associated with laboratory and clinical evidence of disease improvement.[@b74-itt-4-001],[@b75-itt-4-001] The precise mode of action of the P140 peptide is not fully understood, but repeated administration of P140 has been found to transiently eliminate T-cell responses to spliceosomal proteins,[@b75-itt-4-001] perhaps through its ability to affect endogenous autoantigen processing and peptide loading to class II major histocompatibility complex molecules and thereby induce tolerance.[@b76-itt-4-001]

A Phase IIa study conducted in 2007 in Bulgaria of 20 patients with SLE who received three administrations of P140 (IPP-201101) demonstrated safety and tolerability and achieved its primary efficacy endpoint of a significant reduction in anti-double-stranded DNA antibody titers.[@b77-itt-4-001] A Phase IIb study conducted in 2008 in Europe and Latin America again found that IPP-201101(now marketed as Lupuzor™ through ImmuPharma plc, London, UK) was well tolerated and resulted in a significant decrease in the Systemic Lupus Erythematosus Disease Activity Index (SLEDAI) score.[@b78-itt-4-001] A Phase III trial is currently under way.

In a mouse model of lupus, monthly injections of an artificial peptide modeled on the variable heavy chain region of anti-DNA antibodies (pConsensus or pCons) significantly delayed the onset of nephritis, induced Tregs, decreased autoantibody levels, and prolonged survival.[@b73-itt-4-001] Oral pCons was also found to have similar beneficial effects.[@b79-itt-4-001] However, clinical trials with another synthetic peptide, hCDR1 (Edratide™) in humans passed Phase I clinical studies but did not meet primary endpoints in a Phase II study.[@b80-itt-4-001] Further studies are needed to investigate the potential role of ASI for SLE.

ASI for celiac disease
======================

Celiac disease, or gluten-sensitive enteropathy, is an increasingly diagnosed autoimmune disease that is induced by exposure to wheat gliadans and is characterized by IgA antibodies to tissue transglutaminase. ImmusanT has demonstrated that the majority of gluten-specific T-cells circulating in the blood after wheat, barley, or rye challenge recognize one of three peptides derived from wheat α-gliadin (NPL001), wheat ω-gliadin/barley C-hordein (NPL002), and barley B-hordein (NPL003). These three peptides include five distinct HLA DQ2-restricted epitopes that are recognized by almost all of the patients with celiac disease who have HLA DQ2 (80% of celiac patients).[@b81-itt-4-001] Nexvax2^®^, developed by ImmusanT, contains NPL001, NPL002, and NPL003. Phase I trials have shown that Nexvax2^®^ is well tolerated and a Phase Ib trial is currently under way in Australia and New Zealand and a second Phase Ib trial is enrolling patients in the United States.[@b82-itt-4-001]

Future directions: DC therapy
=============================

DCs are professional antigen-presenting cells that process antigens and present them to T-cells. They are capable of directing the immune response and influencing the differentiation of naïve T-cells into Th1, Th2, Th17, or Treg cells. Specialized DCs can also produce inflammatory or suppressive mediators and promote tolerance. Because DCs play a critical role in self-tolerance, they have recently have become targets of therapeutics in autoimmune disease. While there are potential drawbacks of presenting tolerogenic antigens through mucosal delivery to mucosal DCs (including the possibility of inciting disease flares, the altered gastrointestinal tract flora in patients with autoimmune disease, instead, promoting inflammatory conditions, and other unpredictable effects of activated DCs in inflammatory sites in patients with autoimmune conditions), tolerogenic DCs could be generated ex vivo and modified to optimize their ability to delete antigen-specific T-cells or to induce antigen-specific Tregs (with the use of NF-κB inhibitors or incubation with TNF, IL-6, or low-dose endotoxin to induce tolerant DCs). These modified DCs could then be delivered with the appropriate autoantigen to the patient to manipulate the induction of Tregs in an antigen-specific manner that induces tolerance and avoids generalized immune suppression.[@b8-itt-4-001]

Preclinical experiments in an animal model of methylated bovine serum albumin antigen (mBSA)-induced arthritis demonstrated that animals treated with a single dose of DCs exposed to mBSA (along with an inhibitor of NF-κB in order to promote Treg induction and prevent immune activation) benefited from suppressed arthritis and that anti-mBSA antibodies were switched from Th1 to Th2 and regulatory isotypes.[@b83-itt-4-001] In a mouse model of autoimmunity using EAE, DCs were targeted to MOG and were found to delay onset and reduce the severity of EAE.[@b84-itt-4-001] In mouse models of SLE, mycophenolate nanogels (without antigen) were found to target DCs in vivo and suppress inflammatory cytokines.[@b85-itt-4-001] In vitro studies have shown that tolerogenic DCs pulsed with PLP-induced anergy in CD4+ T-cells from MS patients.[@b86-itt-4-001] Another study used a single infusion of autologous peripheral blood mononuclear cells coupled with seven myelin peptides and found this treatment to be safe and well tolerated and resulted in a decrease of antigen-specific T-cell responses.[@b87-itt-4-001] Another recent in vitro study loaded DCs with insulin or GAD65 in the presence of IL-10 and TGF-β1 (to create tolerogenic DCs) and cultured these cells with T lymphocytes. The T-cells were then rechallenged with insulin or GAD65, and it was found that the tolerogenic DCs induced antigen-specific T-cell hyporesponsiveness.[@b88-itt-4-001]

Two Phase I studies using tolerogenic DCs in RA are ongoing. Thomas et al[@b89-itt-4-001] at the University of Queensland are evaluating a potential treatment known as Rheumavax^®^. In this approach, DCs are modified with an NF-κB inhibitor and pulsed with a mixture of four citrullinated peptides. The antigen-pulsed tolerogenic DCs are then intradermally administered to patients. Thus far, Rheumavax^®^ has been well tolerated with no major adverse events.[@b90-itt-4-001]

This targeted therapy should have fewer systemic side effects and has the potential for even greater therapeutic advantage. DCs can be loaded with immuno-suppressive drugs and antigen to deliver the drug to T-cells during antigen presentation.[@b91-itt-4-001] This would allow elimination of T-cells in an antigen-specific manner. Further studies need to be conducted in order to analyze DC vaccination for autoimmune disease including identifying the optimal timing of vaccination, the appropriate antigen to induce antigen-specific tolerance, the optimal route and frequency of tolerogenic DC administration, and appropriate ways of monitoring biological effects of therapy.[@b92-itt-4-001]

Discussion
==========

While ASI has conceptually been an attractive therapeutic modality for years, it has not been successfully translated into clinical practice the way allergen immunotherapy has been used to treat allergic disease. There are several possible reasons for the difficulty in developing an effective therapy with ASI. The allergens responsible for allergic diseases are well classified. After a patient with allergic symptoms undergoes diagnostic skin testing, the allergens that elicit a positive response on skin testing can then be incorporated into an immunotherapy regimen. However, the antigens responsible for initiating autoimmune disease (ideal targets for immunotherapy) are not always as obvious. Autoimmune disorders are often characterized by autoantibodies against several different antigens, and choosing the proper antigen to target with immunotherapy has proven to be both critically important and difficult. Complicating matters even further is the fact that, at the time of diagnosis for several autoimmune diseases, substantial tissue damage has already occurred.[@b12-itt-4-001] Once inflammation has occurred, the ability of Tregs to suppress pathologic cytokine production may be decreased.[@b7-itt-4-001] Therefore, the timing of administration of ASI to optimize tolerance must be clarified.

Furthermore, allergen immunotherapy elicits a shift in the immunological response to an allergen from a Th2-dominated response to a Th1-dominated response with an associated decrease in allergen-specific IgE and increase in allergen-specific IgG1 and IgG4. While studies with ASI for autoimmune disease have shown a shift toward tolerance with several biological markers, it is important to note that IgG antibodies are responsible for autoimmune disease, as opposed to IgE antibodies in allergic disease. The beneficial effects of allergen immunotherapy may be mediated by the decrease in allergen-specific IgE levels that are associated with allergen immunotherapy. In contrast, ASI for autoimmune disease aims to alter primarily Th1- or Th17-dominated conditions, which may prove to be more difficult to manipulate. This fundamental difference between these two sets of diseases may explain the vastly different clinical experience with ASI.

It remains both discouraging and unclear as to why the promising results of ASI that are seen in mouse models have not been replicated in human studies. Induction of antigen-specific tolerance may not affect the underlying disease process without eliminating the pathogenic effector cells. The optimal route of delivery may be an important variable that has not yet fully been elucidated. The optimal dosage is still being tested in different studies and has been difficult to determine. Again, the timing of administration of ASI is critical, and it may be most effective before the onset of sub-clinical disease. In future studies, it would be tremendously beneficial for human trials to monitor the immune response and measure relevant immune biomarkers after autoantigen administration.[@b13-itt-4-001]

ASI for autoimmune diseases is not ready to be translated into the clinical realm. Further studies are needed as there is still much more to be learned.
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###### 

Representative autoantigens involved in autoimmune disease

  Disease                                                                         Autoantigen
  ------------------------------------------------------------------------------- -----------------------
  Type I diabetes                                                                 Carboxypeptidase H
  Chromogranin A                                                                  
  Glutamate decarboxylase                                                         
  Imogen-38                                                                       
  Insulin                                                                         
  Insulinoma antigen-2 and 2β                                                     
  Islet-specific glucose-6-phosphatase catalytic subunit related protein (IGRP)   
  Proinsulin[@b9-itt-4-001]                                                       
  Multiple sclerosis                                                              α-enolase
  Aquaporin-4                                                                     
  β-arrestin                                                                      
  Myelin basic protein                                                            
  Myelin oligodendrocytic glycoprotein                                            
  Proteolipid protein                                                             
  S100-β[@b10-itt-4-001]                                                          
  Rheumatoid arthritis                                                            Citrullinated protein
  Collagen II                                                                     
  Heat shock proteins                                                             
  Human cartilage glycoprotein 39[@b12-itt-4-001]                                 
  Systemic lupus erythematosus                                                    Double-stranded DNA
  La antigen                                                                      
  Nucleosomal histones and ribonucleoproteins (snRNP)                             
  Phospholipid-β-2 glycoprotein I complex                                         
  Poly(ADP-ribose) polymerase                                                     
  Sm antigens of U-1 small ribonucleoprotein complex[@b11-itt-4-001]              

**Abbreviation:** snRNP, small nuclear ribonucleoprotein.

###### 

Antigen-specific immunotherapy using insulin as the target antigen

  Treatment                               Year   Patient characteristics                                                        Outcome                                                                                               Reference
  --------------------------------------- ------ ------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------- -------------------------------------
  Oral insulin (2.5 mg or 7.5 mg daily)   2000   131 patients with positive autoantibodies within 2 weeks of diagnosis of T1D   No difference between treatment groups and placebo                                                    Chaillous et al[@b26-itt-4-001]
  Oral insulin (5 mg daily)               2000   80 patients with T1D                                                           No difference between treatment and placebo groups                                                    Pozzilli et al[@b27-itt-4-001]
  Intranasal insulin (1.6 mg)             2004   38 patients with autoantibodies                                                Intranasal insulin was safe and induced immune changes consistent with mucosal tolerance to insulin   Harrison et al[@b28-itt-4-001]
  Intranasal insulin (1 unit/kg daily)    2008   224 infants and 40 siblings with autoantibodies                                No difference between treatment and placebo groups                                                    Näntö-Salonen et al[@b29-itt-4-001]

**Abbreviation**: TID, Type 1 diabetes.

###### 

Diabetes Prevention Trial-Type 1

  Treatment                                                                            Patients                                                                                     Outcome
  ------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------
  Low-dose systemic insulin administered twice daily for total dose of 0.25 U/kg/day   372 relatives of T1D with islet cell antibodies and 26%--50% 5-year risk of developing T1D   No effect on diabetes incidence
  Oral insulin (7.5 mg daily)                                                          372 relatives of T1D with islet cell antibodies and 26%--50% 5-year risk of developing T1D   No effect in major outcomes, but a subgroup analysis suggested a possible benefit in subjects with insulin autoantibody levels \>80 nU/mL

**Abbreviation**: TID, Type 1 diabetes.
